Physiological responses to hypoglycemia, hyperinsulinemia, and hyperglycemia include a critical adrenocortical component that is initiated by hypothalamic control of the anterior pituitary and adrenal cortex. These adrenocortical responses ensure appropriate long-term glucocorticoid-mediated modifications to metabolism. Despite the importance of these mechanisms to disease processes, how hypothalamic afferent pathways engage the intracellular mechanisms that initiate adrenocortical responses to glycemia-related challenges are unknown. This study explores these mechanisms using network-and cellular-level interventions in in vivo and ex vivo rat preparations. Results show that a hindbrain-originating catecholamine afferent system selectively engages a MAP kinase pathway in rat paraventricular hypothalamic CRH (corticotropin-releasing hormone) neuroendocrine neurons shortly after vascular insulin and 2-deoxyglucose challenges. In turn, this MAP kinase pathway can control both neuroendocrine neuronal firing rate and the state of CREB phosphorylation in a reduced ex vivo paraventricular hypothalamic preparation, making this signaling pathway an ideal candidate for coordinating CRH synthesis and release. These results establish the first clear structural and functional relationships linking neurons in known nutrient-sensing regions with intracellular mechanisms in hypothalamic CRH neuroendocrine neurons that initiate the adrenocortical response to various glycemia-related challenges.
Introduction
Pancreatic and sympathoadrenal activities are vital reactive responses to hypoglycemia (Cryer, 1997) . These short-term hypoglycemic counterregulatory components are accompanied by a critical adaptive adrenoglucocorticoid response that ensures long-term metabolic modifications (Watts and Donovan, 2010) . Glucocorticoid responses are also sensitive to diabetic hyperinsulinemia and hyperglycemia, emphasizing their involvement in diabetes-associated processes (Davis et al., 1994; FruehwaldSchultes et al., 2001; Chan et al., 2005a,b) .
Glycemia-related activation of corticotropin-releasing hormone (CRH) neurons in the paraventricular nucleus of the hypothalamus (PVH) and consequent glucocorticoid release rely on signals from hormone-and nutrient-sensing neurons in the hypothalamus and hindbrain. CRH neuroendocrine neurons receive numerous regulatory signals that travel along any of several distinct afferent pathways (Ulrich-Lai and Herman, 2009), including a major set of catecholaminergic inputs from hindbrain regions implicated in glucosensing (Sawchenko and Swanson, 1981; Ritter et al., 2003; Watts and Donovan, 2010) . CRH neurons release CRH and/or arginine vasopressin (AVP) into the pituitary portal circulation to trigger adrenocorticotropin (ACTH) and ultimately glucocorticoid secretion in response to these afferent signals. Despite much investigation, how central neural pathways appropriately engage intracellular transduction mechanisms in CRH neurons to initiate the glucocorticoid response to glycemiarelated challenges remains unknown. Nor is it clear whether the same pathways and transduction mechanisms are engaged when glucocorticoid activation occurs during other forms of stress.
Regulated CRH and AVP release from neuroendocrine terminals requires that depolarization and spike frequency are appropriately coupled to the receptors activated by the afferent pathways encoding the challenges. Additionally, afferent-driven signal transduction must also activate biosynthetic mechanisms-particularly those involving CREB-to maintain adequate levels of CRH and AVP in neuroendocrine terminals for sustained ACTH release (Watts, 2005) . How these synthetic and release mechanisms couple to neural inputs and to each other in an appropriate stimulus intensity-dependent (i.e., graded) manner is a pivotal part of CRH neuronal function. Clarifying transduction and coupling processes at the cellular and systems level is essential if we are to understand how glycemia-related challenges are decoded by the neuroendocrine hypothalamus.
Phosphorylated forms of p44/42 mitogen-activated protein kinases (ERK1/2) increase rapidly in CRH neurons following various systemic challenges; after drug withdrawal; and after central delivery of neurotransmitters, growth factors, and receptor agonists (Daniels et al., 2003; Khan and Watts, 2004; Valjent et al., 2004; Nadjar et al., 2005; Choi et al., 2006; Khan et al., 2007; Nú ñez et al., 2008; Singru et al., 2008; Blume et al., 2009; Manfredsson et al., 2009) . We now hypothesize that MEK, which controls phospho(p)-ERK1/2, is a required component of the signaling pathway that links the afferent signals encoding glycemia-related challenges with CRH transcriptional and release responses. Furthermore, we suggest that these MAP kinase cascade components are activated in an appropriate and intensitydependent manner by glycemic and other challenges. We also test the necessity of ascending catecholaminergic projections to engage these signaling processes during two widely used glycemic challenges [intravenous insulin and 2-deoxy-D-glucose (2-DG)], and then ask whether norepinephrine-driven CREB phosphorylation and neuronal firing rates are each MEK-dependent. We test these hypotheses in three convergent sets of in vivo and ex vivo experiments.
Materials and Methods

Animals
Adult male Sprague Dawley rats (315 g body weight at surgery) from Harlan were housed in climate-controlled conditions (20 -22°C; 12 h light/12 h dark; lights on 6:00 A.M.) with unrestricted food and water access. Local institute animal care and use committees approved all experimental procedures.
In vivo procedures
Catecholaminergic denervation of the PVH. Bilateral PVH injections (42 ng/200 nl) of a cell-lethal conjugate of saporin and a mouse monoclonal dopamine-␤-hydroxylase (DBH) antibody (DSAP; Advanced Targeting Systems) or equimolar concentrations of saporin conjugated to nonspecific mouse IgG (MSAP) were delivered 2 weeks before any vascular injection, as previously described (Ritter et al., 2001 (Ritter et al., , 2003 .
Catheters and injections. One week after DSAP/MSAP injections, rats were fitted with jugular catheters, as previously described (Khan and Watts, 2004; Khan et al., 2007) . These allowed for vascular injections to be performed with minimal stress to the subjects and for rapid delivery of anesthetic, ensuring short durations between animal knockdown and perfusion.
Glycemic and multimodal challenges. At least 14 d after MSAP or DSAP injections, groups of rats were challenged with intravenous insulin (Regular Iletin II, 100 U/ml stock, 2 U/kg/ml; Eli Lilly), intravenous 2-DG (250 mg/kg/ml; Sigma-Aldrich), 0.9% saline vehicle, or isoflurane anesthesia immediately followed by an intraperitoneal injection of 1.5 M (hypertonic) saline (AϩHS). This stimulus is a mixture of hyperosmolemia, anesthesia, and possibly nociceptor activation, and was used to drive a wider range of PVH afferents than is achieved with insulin or 2-DG. Food was withheld for at least 2 h before delivering the challenges. All procedures were performed between 10:00 A.M. and 2:00 P.M.
Blood samples (250 l) for ACTH and glucose were collected from catheters immediately before (0 min) and 30 min after bolus intravenous injections of insulin, 2-deoxy-D-glucose, or 0.9% saline. A separate set of rats was placed in a chamber containing isoflurane and injected immediately with 3.0 ml of 1.5 M saline intraperitoneal upon loss of consciousness.
All rats were killed 30 min later with 1.0 ml of sodium pentobarbital (50 mg/ml) delivered over a period of 30 s through the catheter. Perfusions, brain removal, postfixation, cryoprotection, and tissue sectioning were as described previously . Eight 1-in-8 series of 20 m sections were collected through the PVH and adjacent hypothalamus. One series was stained with thionin and the rest retained for in situ hybridization or immunocytochemistry.
Assays
Plasma ACTH and glucose concentrations were determined as described previously (Gorton et al., 2007; Khan et al., 2007) . CRH and AVP heteronuclear RNA (hnRNA) levels in the dorsal PVH medial parvicellular (PVHmpd) were detected by radioisotopic ( 35 S) in situ hybridization using Crh and Avp intronic cRNA probes as previously described .
Immunocytochemistry
Tissue was processed for fluorescence immunocytochemistry as described previously using the primary ( pERK1/2, pCREB, DBH, and Copeptin) and secondary antibodies detailed in Table  1 . Tissue was imaged using a Zeiss LSM 510 Meta Confocal System equipped with an Axioplan 2 microscope, using imaging parameters described previously .
Analysis of fluorescence immunocytochemistry
A method previously used for quantitative in situ hybridization Watts and Sanchez-Watts, 2002 ) was adapted to measure DBH-, pERK1/2-, and pCREB-immunoreactive (IR) signals in anatomically defined PVH regions (Swanson, 2004) . This method generates two variables: the mean gray level (MGL; i.e., the mean signal intensity or brightness of specifically labeled IR elements) and the percentage area of the defined region occupied by a specific signal. We assumed that the MGL represents the amount of specifically labeled antigen present per element, while the occupied area represents the number of elements within the defined region containing the labeled antigen. Confocal images were obtained in a single imaging session under constant laser current, detector sensitivity, and amplifier offset. Each image was split into its component RGB channels using the Adobe Photoshop CS3 (Adobe Systems) "Split Channels" command. The red (DBH) and green ( phospho-ERK1/2 or phospho-CREB) channels were retained in grayscale for further analysis. To ensure that measurements were taken over the same dynamic range, all images were normalized to the same background value. To do this, the "Brightness/Contrast" command was used to adjust the brightness of the entire image so that the grayscale value of the background equaled 25 Ϯ 1 on a 0 -255 scale (0 ϭ black; 255 ϭ white). The "Legacy" box was checked to ensure that the entire image was corrected linearly. Areas selected for background measurements (occupying at least 5% of the total image area) were located adjacent to the PVH with no specific staining. For images from rats with complete DBH staining, multiple areas with no specific staining across the image were group-selected for background determinations.
The dorsal zone of the mpd, the posterior magnocellular (pm), and periventricular parts of the PVH were identified on each image using dark field illumination and adjacent Nissl-stained sections. Background brightness (mean and SD) was recorded from adjacent areas with no labeling. Specific signal was segmented at 2 SDs above the mean background value within the PVHmpd using IPLab Spectrum (v3.9; Scanalytics). Preliminary analyses showed that this segmentation excluded Ͼ98% of background pixels. The MGL and percentage area of anatomically defined parts of the PVH occupied by the specific signal were then determined. The mean background value was subtracted to give a specific MGL value, which was used in subsequent analyses.
Determination of DSAP lesion efficacy
The extent of PVH catecholamine denervations was evaluated by measuring the area of the medial parvicellular part of the PVH (PVHmp) occupied by, and the MGL of, the specific DBH-IR signal. The control range was determined from PVH-targeted MSAP-injected rats given intravenous saline in-jections. Figure 1 shows the range (mean Ϯ 2 SDs) of the percentage of area occupied and MGL in control rats (black box). Any PVHmpd that showed DBH-IR that was Ͻ2 SDs below the mean was considered to have an incomplete lesion (Fig. 1, gray box) , and any PVHmpd that had Յ20% of the control mean was considered to have a complete lesion (Fig. 1, white box) . The relationship between the two variables was best described by a Boltzmann sigmoidal curve function (r 2 ϭ 0.882). Some animals had asymmetric lesions, where one side had intact innervation and the other an incomplete or complete lesion (see Results, below) . In these animals, the pERK1/2 response clearly matched the lesion efficacy of the corresponding side. Therefore, the two PVH regions of each animal were considered as independent scores in analyses where dependent variables were within the PVHmpd (pERK1/2, pCREB, and CRH hnRNA). For correlations with plasma ACTH, only intact animals or those with bilaterally symmetric incomplete or complete lesions were included in the analyses.
Since the catecholamine neurons that innervate the PVH have collateral projections (Ritter et al., 2001; Banihashemi and Rinaman, 2006) , we also found DBH-IR loss in other forebrain regions, including the paraventricular thalamic, ventromedial, and arcuate nuclei, and parts of the lateral hypothalamus.
Ex vivo procedures
Immunofluorescence studies. Slices (300 m thick) through the part of the hypothalamus containing the PVH were freshly prepared from male Sprague Dawley rats (mean age, 68 d; mean body weight, 326 g) as described previously . They were transferred to chambers held at 34°C and equilibrated for 1-1.5 h without further treatment (control) or before receiving 100 M L(-)norepinephrine(ϩ)-bitartrate salt monohydrate (catalog #A9512; Sigma-Aldrich), 10 M U0126 (Tocris Bioscience) and 100 M norepinephrine, or 10 M U0124 and 100 M norepinephrine. U0126 (a specific MEK inhibitor) and U0124 (the inactive structural analog of U0126) were applied 30 -40 min before norepinephrine application. Norepinephrine was applied for 10 min, after which slices were transferred to 2-4% paraformaldehyde in PBS for 24 -48 h. Slices were then reacted with primary and secondary antibodies (Table 1) . Tthe thick slice preparations were sandwiched between cover glass, prepared and imaged as described previously .
Electrophysiological recordings. Tight-seal cell-attached recordings were obtained from 300-m-thick hypothalamic slices prepared from postnatal day 21-28 male Sprague Dawley rats, specifically from parvicellular neuroendocrine neurons that were visually identified using an upright microscope (Olympus) fitted with infrared differential interference contrast optics. Following the experiment, whole-cell configuration was established to verify parvicellular neuroendocrine classification on the basis of the electrical fingerprint in currentclamp configuration (Luther et al., 2002; Hewitt et al., 2009 ). All recordings were obtained at 30 -32°C using borosilicate glass microelectrodes (tip resistance, 3-7 M⍀) that were filled with intracellular solution containing 123 mM potassium gluconate, 2 mM MgCl 2 , 8 mM NaCl, 1 mM EGTA, 4 mM ATP, and 0.3 mM GTP.
Statistical analyses
The statistical significance of differences between group means was determined using single-factor ANOVA followed by Tukey's multiple-comparison post hoc test (Excel, Microsoft; Prism, Mac v4, GraphPad Software). Regression analyses were performed using Excel and Prism. p Ͻ 0.05 was considered statistically significant in all cases. The lot numbers are not necessarily exhaustive since some lots were not recorded; the lot number in parentheses refers to that used in the reactions processed for semiquantitative analysis (i.e., for those reactions in which all tissue sections were run and imaged simultaneously). The dilutions listed are calculated from the suppliers' stock. All secondaries and conjugate stocks from suppliers were diluted 1:2 in glycerol (i.e., 50% glycerol, 50% buffer), and the dilution listed (1:500) is the final dilution. Thus, we calculated a 1:250 dilution of the 1:2 working stock to obtain the final 1:500 dilution.
f
The total duration of incubation (in hours) is listed, followed by the temperature at which the incubation proceeded. In many cases, the duration is expressed as a range, based on the exact parameters of reactions run on separate occasions. Values listed in parentheses following some of the duration ranges indicate the exact incubation duration for the reactions processed for semiquantitative analysis (i.e., for those reactions in which all tissue sections were run and imaged simultaneously).
g Although this reaction is numbered "2" to separate it from the first reaction series performed on the ex vivo slices, reaction 2 was performed on the same slices, but after reaction 1 had already been completed and the slices were imaged. Thus, after the slices from the first double-label reaction were imaged, they were re-reacted with the copeptin antibody, thereby triple-labeling the material, and imaged again. A488, Alexa 488; Dk, donkey; Gt, goat; Ms, mouse; na, not applicable; nr, not recorded; Rb, rabbit; RT, room temperature.
Results
Selected insulin and 2-DG doses produce marked glycemic responses
Plasma glucose concentrations were determined before and 30 min after rats received intravenous injections of saline, insulin, or 2-DG. We have shown previously that plasma glucose concentrations of 3.15 mM or lower are required to activate ACTH responses to insulin-induced hypoglycemia (Gorton et al., 2007) . The physiological consequences of these two challenges have been discussed previously by Cryer (1997) and Ritter et al. (2001) . Consistent with these expectations, insulin and 2-DG significantly reduced and increased, respectively, plasma glucose concentrations relative to salineinjected controls (Table 2 ).
Insulin and 2-DG trigger CRH neuroendocrine synthesis and release responses of differing magnitudes
Next, we determined in these same rats whether insulin and 2-DG produced different CRH synthesis and release response magnitudes 30 min after injection. Insulin and 2-DG, but not vehicle, significantly increased plasma ACTH (Table 2) . However, the ACTH response to 2-DG was significantly greater than the response to insulin (325% vs 131% compared with saline-injected controls). Although we did not measure corticosterone, we have previously shown robust increases in plasma corticosterone 20 -30 min after similar bolus intravenous injections of insulin (Gorton et al., 2007) or 2-DG (Ritter et al., 2003; Salter and Watts, 2003) . Insulin or 2-DG also significantly increased CRH hnRNA in the PVHmpd 30 min after injection (Fig. 2a,c) . The Crh transcription response to 2-DG was, like the ACTH response, significantly greater than after insulin (2-DG, 813% vs insulin, 333%; Fig. 2c ). Insulin-stimulated ACTH release requires CRH for full expression (Jacobson et al., 2000) , but there is also a possible functional role for AVP (Suda et al., 1992; Paulmyer-Lacroix et al., 1994; Lolait et al., 2007; Zelena et al., 2009) . Although there was abundant AVP hnRNA in the PVHpm (Fig. 2bi-biii) and in occasional magnocellular neurons in the PVHmpd , no detectable AVP hnRNA signal was seen in the PVHmpd of any animal ( Fig. 2b ; quantitative data not shown). Therefore, insulin and 2-DG drive CRH, but not AVP, synthesis and release in vivo during the 30 min immediately after injection. pERK1/2 levels accurately track synthesis and release response magnitudes during glycemic challenges We asked whether insulin and 2-DG produced the same relative increases in pERK1/2 as ACTH and CRH hnRNA. Both treatments significantly increased PVHmpd pERK1/2 relative to saline injections (Fig. 3) , with the response to 2-DG again being significantly greater than to insulin (252% vs 116%; Fig. 3a ). pERK1/2-IR was distributed in both somata and dendrites of PVHmpd neurons (Fig. 3biv) .
We then determined the fidelity with which PVHmpd pERK1/2 accumulation tracks synthesis and release parameters. We found strong linear correlations between both the intensity (MGL; Fig. 4a ) and number (percentage of area occupied; Fig. 4b ) of pERK1/2-IR elements in the PVHmpd and plasma ACTH concentrations (percentage of area occupied: r 2 ϭ 0.784, F (df 1,16) ϭ 58.1, p Ͻ 0.0001; MGL: r 2 ϭ 0.826, F (df 1,16) ϭ 75.7, p Ͻ 0.0001), and between the intensity of pERK1/2-IR and CRH hnRNA in the PVHmpd (r 2 ϭ 0.537, F (df 1,50) ϭ 58.0, p Ͻ 0.0001; Fig. 4c ) when considering rats injected with saline, insulin, 2-DG, or AϩHS. Thus, pERK1/2 tracks CRH synthesis and release with high fidelity.
To explore the nature of the pERK1/2 recruitment in PVHmpd neurons, we examined the relation between the number of pERK1/ 2-IR elements and the amount of immunofluorescent signal they expressed under basal and stimulated conditions. The number of pERK-IR elements in saline-injected rats was distributed across a wide range (Fig. 4d , open circles) but was not correlated to the low amount of pERK-IR per element (r 2 ϭ 0.09, F (df 1,21) ϭ 1.91, p ϭ 0.18). However, insulin, 2-DG, and AϩHS each led to robust and significantly correlated increases in both the number of pERK1/2-IR-containing elements in the PVHmpd and the amount of pERK1/2 per element (r 2 ϭ 0.439, F (df 1,37) ϭ 28.12, p Ͻ 0.0001; Fig.  4d, closed circles) . Therefore, afferent stimulation of PVHmpd neurons significantly increased both the number of recruited PVHmpd neurons and the amount of pERK1/2 they contained. Full expression of ACTH, pERK1/2, and Crh responses to glycemic challenges depends on catecholaminergic afferents We then asked whether catecholaminergic neurons, which make synaptic contacts with PVHmpd CRH neurons (Liposits et al., 1986) , are required for ACTH and CRH neuronal responses to glycemic challenges. To do this, rats given DSAP lesions were first assigned to either incomplete or complete lesion groups.
Rats with complete lesions displayed a marked loss of catecholamine neurons within the hindbrain (data not shown). Plasma ACTH (Table 2) , CRH hnRNA (Fig. 5) , and pERK1/2 (Fig. 6) responses to insulin were completely abolished in rats with complete or partial lesions of the PVHmpd. Similarly, rats with complete lesions and injected with 2-DG had ACTH (Table 2 ) and pERK1/2 (Fig. 6b,c) responses that were statistically indistinguishable from saline-injected rats. However, the absolute mean plasma ACTH concentration in lesioned animals was approximately twice that seen in controls (Table 2 ). This result raises the possibility that noncatecholamine pathways contribute, in part, to driving ACTH release following 2-DG injections.
2-DG-injected rats with complete lesions also showed a residual CRH hnRNA response that was considerably smaller than that of sham-lesioned rats, but was still significantly above salineinjected controls (Fig. 5) . There was no detectable AVP hnRNA in the PVHmpd of any insulin-or 2-DG-injected animal with intact or lesioned DBH innervation (data not shown).
ACTH, pERK1/2, and Crh responses to stressful challenges display afferent selectivity Given that full ACTH, pERK1/2, and Crh transcriptional responses to glycemic challenges require intact catecholaminergic . bi-biii, No AVP hnRNA hybridization was seen in the PVHmpd after any treatment). biv, In situ hybridization signal for AVP hnRNA in an adrenalectomized (Adx) rat (for comparison). Note the presence of robust signal in both PVH compartments of the adrenalectomized rat, whereas those in bi-biii lack detectable AVP hnRNA signal in the PVHmpd. c, CRH hnRNA responses were significantly greater for 2-DG than for insulin. ***p Ͻ 0.0001. Numbers below each bar are the samples per group. Rats were given an injection of either a mouse anti-dopamine-␤-hydroxylase-serum conjugated to saporin aimed at the PVH to lesion catecholaminergic afferents (Lesioned), or an equal volume of nonspecific mIgG-saporin (Sham lesioned). Both insulin and 2-DG generated appropriate and significant glycemic responses 30 min later, irrespective of whether the catecholaminergic projections to the PVH were present or not. Saline injections had no effect. Insulin or 2-DG injections in sham-lesioned rats generated robust ACTH secretory responses, with the response to 2-DG being significantly greater than the response to insulin. In lesioned rats, these secretory responses were blunted to the extent that they were no longer significantly different from sham lesioned rats. Insulin and 2-DG therefore provide increasingly strong activation signals to the secretory mechanisms in CRH neuroendocrine neurons, and catecholamine neurons that innervate the PVH are required for full ACTH secretory responses to insulin and 2-DG injections.
afferents, we next determined whether pERK1/2 signaling pathways remained responsive to other stimuli in the absence of these inputs. To do this, we used AϩHS because its multimodal quality should activate a much broader range of afferents than 2-DG or insulin. AϩHS was followed 30 min later by a robust pERK1/2 response in the PVHmpd, regardless of whether the catecholamine innervation was present or not (Fig. 7a,b) . Responses to AϩHS are therefore fully retained without a catecholaminergic input to the PVH. Also, pERK1/2 was present in PVHpm after AϩHS (Fig. 7b) , a response not seen after insulin or 2-DG (Fig. 6a,b) . The lack of pERK1/2 in the PVHpm following insulin injections is consistent with a report showing that insulin does not increase AVP secretion from the posterior pituitary (Dinh et al., 2006) . The PVHpm response to AϩHS was retained after complete lesions (Fig. 7b) . Importantly, the robust pERK1/2 response within the DSAPlesioned PVHmpd and PVHpm following AϩHS demonstrates that the lesions did not, in and of themselves, affect the intrinsic ability of PVH neurons to mount cellular responses to stressful challenges.
AϩHS robustly increased CRH hnRNA in the PVHmpd (Fig.  7c,d ) but, unlike the pERK1/2 response, CRH hnRNA levels were significantly attenuated when the catecholaminergic input to the PVHmpd was absent. However, values remained above controls, suggesting that a pERK1/2-independent signaling pathway also contributes to the Crh transcriptional mechanisms engaged by AϩHS. As with the other treatments, there was no detectable AVP hnRNA in the PVHmpd of any AϩHS animal with intact or lesioned DBH innervation (data not shown).
CREB activation in the PVHmpd shows spatiotemporal coincidence with ERK1/2 activation CRH transcription requires CREB phosphorylation (Liu et al., 2008) , so we asked whether pERK1/2 was positioned to interact with the mechanisms that activate CREB to coordinate CRH synthesis. Figures 8 and 9 show that the pCREB-IR responses following insulin or 2-DG injections or after AϩHS were quantitatively similar to those displayed by pERK1/2 and CRH hnRNA. (251%, 545%, and 589%, respectively, relative to saline-injected controls). Furthermore, there were significant correlations between pCREB and pERK1/2 (r 2 ϭ 0.760, F (df 1,20) ϭ 60.2; p Ͻ 0.0001; Fig. 9b) , and between pCREB and CRH hnRNA (r 2 ϭ 0.281, F (df 1,22) ϭ 8.18; p Ͻ 0.01; Fig. 9c ). Virtually all neurons with cytosolic pERK1/2-IR also had nuclear pCREB-IR, showing that the kinase and transcription factor were temporally and spatially coactivated within most PVHmpd neurons (Fig. 8c) . Therefore, pERK1/2 and pCREB are corecruited in PVHmpd neurons after systemic challenges, and their levels reflect the magnitude of response produced by transcriptional and release mechanisms in CRH neurons.
PVHmpd CREB activation to glycemic challenges requires catecholaminergic afferents
As with pERK1/2 and CRH hnRNA, removing the catecholaminergic innervation of the PVHmpd abolished pCREB responses to insulin and 2-DG (Fig. 9a) . Although pCREB responses to AϩHS remained in lesioned rats, they were significantly attenuated (Fig. 9a) .
Norepinephrine requires MEK activation to increase firing rates of parvicellular PVH neurons
Norepinephrine is an important neurotransmitter in the neuroendocrine PVH. It enhances EPSCs of parvicellular PVH (PVHp) neurons (Daftary et al., 2000) and stimulates CRH release ex vivo (Fehm et al., 1980; Calogero et al., 1988) and in vivo, as inferred from rises in circulating ACTH (Itoi et al., 1994; Khan et al., 2007) . ACTH secretagogue release requires Ca 2ϩ -dependent depolarization, consistent with action potentialdependent mechanisms at the nerve terminal (Tsagarakis et al., 1991; Gabr et al., 1994) . Therefore, we anticipated that in addition to synaptic excitation, norepinephrine would increase spike frequency in the PVHp. To test this hypothesis, cell-attached recordings from PVHp neuroendocrine neurons in hypothalamic slices were used to assess the effects of bath-applying norepinephrine (100 M) on spike activity. Norepinephrine elicited a robust increase in firing rate (Fig. 10a,b) that lasted for several minutes beyond washout (Fig. 10b) .
We have previously shown that norepinephrine increases ERK1/2 phosphorylation in CRH neurons in a MEK-dependent manner . As a direct test of whether norepinephrine-mediated increases in firing rate also required MEK, we incubated slices with 10 M the MEK inhibitor U0126, 30 min before applying norepinephrine (100 M) to the slices. U0126 and norepinephrine together produced a robust and significant reduction in neuronal firing rate compared with norepinephrine alone (Fig. 10c) . In contrast, pretreating slices with U0124, an inactive structural analog of U0126, had no effect on norepinephrine-evoked firing rates (Fig. 10c) . Therefore, norepinephrine triggers spike activity in PVHp neurons using a MEKdependent mechanism.
Norepinephrine requires MEK activation to induce activation of ERK and CREB in the PVHmpd
We next used thick-slice confocal imaging ) of pERK1/2-IR and pCREB-IR to determine whether norepinephrine could increase phospho-CREB levels in the PVHmpd by bath-applying norepinephrine (100 M) to slices for 10 min in a manner similar to that used for our electrophysiological measurements. Compared with untreated control slices, norepinephrine significantly increased pERK1/2-IR and pCREB-IR in PVHp neurons (Fig. 11a) . As with insulin and 2-DG treatments in vivo (Fig. 8c) , pCREB-IR was confined to the nuclear compartment of the majority of neurons showing increased levels of cytosolic pERK1/2 after norepinephrine application (Fig. 11b) .
To evaluate whether the norepinephrine-stimulated elevations in pERK1/2 and pCREB in the PVHp required MEK activity, we treated slices with U0126 (10 M) 30 min before adding norepinephrine (100 M). Compared with norepinephrine treatment alone, PVHp neurons treated with norepinephrine and U0126 displayed little to no detectable pERK1/2-IR or pCREB-IR (Fig. 11a,c) . To rule out the possibility that this lack of immunostaining for pERK or pCREB was because the PVH was not present within the slices we examined, all slices were stained with a third antibody targeting the Avp gene product, copeptin, which is enriched in the PVH. As shown in Figure 11a , all slices examined contained robust copeptin-IR, confirming the existence of the PVH in all of our slices. Finally, preincubation with U0124 did not prevent norepinephrine-induced pERK1/2-IR or pCREB-IR accumulation (Fig. 11a,c) . Together, these data indicate that norepinephrine can increase ERK1/2 and CREB phosphorylation within individual parvicellular PVH neurons, and that this effect requires MEK activity.
Discussion
To increase Crh transcription and ACTH secretagogue release, afferent-encoded information must first engage the appropriate receptors expressed by CRH neurons. The downstream effects of these receptor arrays are channeled through multiple intracellular signaling pathways to converge on CREB phosphorylation on one side (Liu et al., 2008 (Liu et al., , 2010 , and on membrane depolarization and increased firing rate on the other (Watts, 2005) . Our results place ERK kinase, MEK, and its downstream targets, ERK1/2, as obligatory constituents in the pathways used by cat- Figure 5 . Increased Crh transcription following glycemic challenges is dependent on intact catecholaminergic inputs to the neuroendocrine PVH. a, Insulin or 2-DG significantly increased mean (ϩSEM) CRH hnRNA levels compared with saline (Sal) in the PVHmpd of sham (MSAP)-lesioned rats (black bars). Catecholaminergic denervation of the PVH completely abolished the Crh transcriptional response to insulin (white bars) and significantly attenuated the response after 2-DG, whereas partial lesions (gray bars) had no effect on Crh transcriptional responses. **p Ͻ 0.001, ***p Ͻ 0.0001. ns, Not significant. Numbers below the bars are the samples per group. b, Representative photomicrographs of the CRH hnRNA in situ hybridization signals in animals with sham or complete lesions following insulin or 2-DG injections.
echolaminergic afferents to increase both Crh transcription and ACTH secretagogue release during glycemic challenges.
We address these mechanisms at two levels. At the cellular level, we provide the first evidence that the activation of MEK is a critical step for the signaling pathways that initiate the parallel programs for Crh transcription and release. These findings also support MEK-ERK1/2 as being candidate mediators of stimulus-synthesis-release coupling in CRH neurons (Watts, 2005) . At the network level, we show that hindbrainoriginating catecholaminergic afferents drive this MAP kinase mechanism in the neuroendocrine PVH during glycemic challenges, but not following one with a more complex composition (AϩHS). Afferent-MAP kinase coupling can therefore be stimulus-selective.
Decoding glycemia-related challenges at the cellular level
Two in vivo results show that pERK1/2 levels closely track the activation states of Crh transcription and ACTH release, thereby supporting the idea that the MEK-pERK1/2-containing MAP kinase pathway links extracellular signals to Crh transcription and release.
First, CREB phosphorylation is required for increased Crh transcription (Liu et al., 2008) , and so it was striking that we found significant correlations between pERK1/2 and pCREB, and pCREB and CRH hnRNA in the PVHmpd following all challenges. The widespread colocalization of cytoplasmic pERK1/2 and nuclear pCREB signals in stimulated PVHmpd neurons underscores how ERK1/2 and CREB act in the same spatiotemporal domain to mediate Crh transcription.
Second, the graded increases in plasma ACTH that follow insulin or 2-DG injections are correlated significantly with increases of both the signal intensity and the area occupied by pERK1/2-IR in the PVHmpd. Thus, the amount of pERK1/2 in PVHmpd neurons (signal intensity) closely tracks the magnitude of ACTH secretagogue release from CRH neurons, while the recruitment of more neurons (area occupied), along with increasingly elevated pERK1/2-IR per neuron, is associated with increased ACTH responses. Furthermore, the abrupt increase in pERK1/2-IR that occurs as ACTH secretion starts to increase in stimulated animals (Fig. 4d) suggests that pERK1/2 levels must attain a threshold level in CRH neurons before the neurons can begin to release sufficient peptide to initiate ACTH secretion. that norepinephrine requires MEK activation to increase CREB phosphorylation, an event that is obligatory for Crh transcription (Liu et al., 2008) . Second, MEK activation is a prerequisite for norepinephrine-dependent increases in the firing rates of PVHmpd neuroendocrine neurons. This result is consistent with that of others who have demonstrated a role for pERK1/2 in modulating neuronal excitability (Selcher et al., 2003; Yuill et al., 2007) . We have previously shown that norepinephrine-driven increases of pERK1/2 in CRH neurons are both ␣ 1 -adrenoceptor-and MEK-dependent . Together, these results show that norepinephrine increases CREB phosphorylation and firing rates through ␣ 1 -adrenoceptors and MEK activity. Importantly, they demonstrate that ␣ 1 -adrenoceptor-and MEK-dependent mechanisms can regulate the firing rates and thereby the release of ACTH secretagogues from PVHmpd neurons. Although how this happens is unknown, it may involve MEK and/or ERK1/2 interactions with chloride homeostasis, a process that is also ␣ 1 -adrenoceptor-dependent in PVHmpd neurons (Hewitt et al., 2009) .
Collectively, these results strongly support a key role for this MAP kinase pathway in regulating Crh transcription and ACTH secretagogue release both after exogenous norepinephrine application in vivo and after insulin and 2-DG treatments (Ritter et al., 2003; current study) . This signaling pathway appears strategically placed between membrane receptors and downstream synthetic and release processes in a way that allows it to coordinate these two critical cellular processes during various stress responses. Our results do not, of course, exclude the role of other signaling pathways or intermediates that may interact with, regulate, or mediate the effects of the MEKcontaining MAP kinase pathway (Aguilera and Liu, 2011) . On the contrary, we believe such interactions are highly likely.
Decoding glycemia-related challenges at the network level Ritter and colleagues (2003) have shown that fully developed adrenoglucorticoid responses to insulin and 2-DG require information encoded by ascending catecholamine pathways. We now show that a MAP kinase-dependent coordinating mechanism in CRH neuroendocrine neurons is engaged by glycemia-related challenges through hindbrain-originating catecholaminergic afferent systems. Since PVHmpd ERK1/2 phosphorylation is acti- vated after various challenges, it must be regulated by a broad array of neural afferents. However, whether a MAP kinase pathway does function as a multiresponsive mechanism coupling afferent signals to neuroendocrine output, then disrupting a neural input in a way that attenuates CRH neuroendocrine function, it must be accompanied by a concomitant loss of pERK1/2. We now show that this is the case for glycemia-related challenges that require ascending catecholaminergic pathways to activate CRH synthesis and release. Alternatively, stimuli encoded by wider afferent sets should retain their ability to engage pERK1/2 in the absence of catecholamine pathways. Again, this is what our results demonstrate. Thus, full pERK1/2 recruitment in the PVHmpd after insulin and 2-DG challenges requires intact catecholaminergic afferents, whereas the ERK1/2 phosphorylation evoked by AϩHS does not.
The response of lesioned animals to AϩHS indicates that although unphosphorylated ERK1/2 serves as a multiresponsive sentinel of afferent stimulation, its activation (phosphorylation) is coupled to the specific afferent sets engaged by a particular stimulus. Catecholaminergic neurons make collateral projec- Figure 11 . Inhibiting MEK activity abolishes ERK1/2 and CREB phosphorylation in ex vivo hypothalamic slices in response to norepinephrine treatment. a, Norepinephrine (NE; 100 M) increased both pERK1/2 (top) and pCREB (middle) in the PVHmpd compared with control slices (aCSF). This effect was blocked by U0126 (third column), but not U0124 (fourth column). The proximity of the PVH to the third ventricle meant that it was not always possible to obtain flat-field illumination across every field, particularly in aCSF-treated slices. To confirm that each slice contained the PVH, the third row shows the vasopressin gene product, copeptin, in the same field as pERK1/2 and pCREB. Scale bar, 40 m. b, An orthogonal view of a two-channel-merged confocal image showing colocalization of pCREB and pERK1/2 in PVHmpd neurons. Scale bar, 10 m. c, U0126 but not U0124 significantly reduced the number of neurons double-labeled with pCREB and pERK1/2 following norepinephrine treatment. Numbers below each bar shows the samples per group.
tions elsewhere in the forebrain that are also denervated by DSAP injections to the PVH (Banihashemi and Rinaman, 2006) , and so it is possible that noncatecholaminergic projections from these regions to the PVH also contribute to CRH neuronal responses after insulin and 2-DG. Nevertheless, the fact that norepinephrine applied locally to the PVH, both in vivo and ex vivo, recapitulates all the effects that insulin and 2-DG have on CRH neurons ; current study) strongly supports the idea that catecholamine projections to the PVH are critical for increasing ERK1/2 and CREB phosphorylation, Crh transcription, and ACTH release.
Phospho-ERK1/2 as a regulator of stimulus-synthesis-release coupling in CRH neurons
Afferent stimulus-synthesis-release coupling is a crucial requirement for all neurons because it allows them to adapt and coordinate these processes in both an ongoing and anticipatory manner. We have observed previously that the degree to which ACTH release and Crh transcription are coupled is highly variable (Tanimura et al., 1998; Watts and Sanchez-Watts, 2002; Watts et al., 2004; Watts, 2005; Gorton et al., 2007) . Basally, they are completely uncoupled so that one is maximally activated when the other is minimally activated ; in other situations, they are activated more or less simultaneously (Kovács and Sawchenko, 1996) . Since pERK1/2 can act as a gain controller for a variety of intracellular processes (Hazzalin and Mahadevan, 2002; Selcher et al., 2003) , it is tempting to speculate that the degree of coupling is related to the degree of ERK1/2 phosphorylation driven by altered afferent activity. Thus, under conditions where ACTH secretagogue release and Crh transcription are completely uncoupled , pERK1/2 levels remain consistently low (Gorton et al., 2007) . In contrast, the increasingly tight coupling of afferent signaling, synthesis, and secretagogue release in CRH neurons is achieved when significantly higher levels of pERK1/2 are generated by insulin, 2-DG, AϩHS, and other stressors. By examining the role of ERK1/2 phosphorylation in CRH neuroendocrine neurons, we show that this particular MAPK pathway is strategically located to contribute to this fundamental coupling process, raising the possibility that it plays a similar key role in other peptidergic neurons.
Conclusions
Hypothalamic CRH neuroendocrine neurons receive and process numerous afferent signals encoding a variety of stressors. Specific stimulus-afferent-intracellular coupling mechanisms allow them to discriminate between these signals and control peptide biosynthetic and release programs in a manner that is appropriate for the nature and strength of the stimulus. We describe a novel signal transfer mechanism that forms part of this coupling process by relaying information encoding glycemiarelated challenges to the neuroendocrine hypothalamus.
Signal transfer for glycemia-related stimuli involves the coupling of hindbrain-originating catecholaminergic afferents to an MEK activation-dependent MAP kinase pathway within CRH neuroendocrine neurons of the hypothalamus. In turn, this pathway can control both the release of ACTH secretagogues by modulating catecholamine-evoked firing rates of hypothalamic neuroendocrine neurons, and Crh transcription and CRH biosynthesis by enabling CREB phosphorylation. This signal transfer process-from peripherally originating stimulus to the final neuroendocrine output from the PVH-is engaged by glycemiarelated challenges using the hindbrain catecholaminergic system, underscoring the importance of this pathway to diabetes-and metabolic disease-related processes in the brain. Given the importance of catecholamine-containing pathways to a wide range of stimuli, our results raise the possibility that the MEK-pERK1/2 pathway plays an important role in driving CRH neuronal responses to other stressors.
